Introduction
It has been speculated for some time that male circumcision (MC) provides protection against HIV infection. [1] [2] [3] Several ecological studies of African populations have shown a correlation between low adult HIV prevalence and a high percentage of circumcised men. [4] [5] [6] [7] Additionally, recent randomized trials have demonstrated that circumcision provides a measure of protection against HIV infection in men with mean risk reductions of 51-60%. [8] [9] [10] Although access to antiretroviral drugs is slowly increasing in Sub-Saharan Africa, for the foreseeable y Part of PhD candidature.
future their availability will be considerably lower than the demand by 26 million currently infected with HIV in that region. 11 Experimental HIV vaccines have so far failed to demonstrate sufficient efficacy and this implies that the major means for combating the spread of HIV falls to other prevention strategies. It is of growing interest therefore to assess if increased MC can be effective in reducing HIV prevalence.
Recently published mathematical modelling of MC simulated in Sub-Saharan Africa suggested this intervention could significantly impact HIV incidence and prevalence. [12] [13] [14] However that research did not incorporate the skewed age and sex profiles of HIV prevalence or different levels of sexual activity within a population, 15, 16 and also assumed complete or partial coverage of the population in each country. Although these results provide a valuable guide to the impact of MC in Sub-Saharan Africa, they do not address the issue of whether complete coverage by MC is possible, and if not which age groups or sexual activity groups should be targeted. In addition to addressing these issues, we assess how well these benefits are maintained under increasing risky behaviour, an important concern as circumcision goes from clinical trials to public interventions. 17 
Methods

Mathematical model
The model developed here is a deterministic, compartmental model, which simulates the HIV/AIDS epidemic spread through heterosexual transmission in subSaharan Africa and was based on other models of heterosexual transmission of HIV in sub-Saharan communities. 16, 18 The model was used to simulate the effect of different intervention scenarios on the epidemic and population dynamics over a 40-year period from 1980 to 2020, updating the number of infections, births, deaths, etc on a monthly basis. Starting the simulation in 1980 allowed for the model to be validated by comparing the simulated results with historical data from 1980 to 2007. The terminal point of 2020 was chosen in order to investigate the longer term impact of MC on a representative sub Saharan African population without conclusions being nullified by uncertainty in parameters and unrealistic assumptions about behavioural trends. The initial, baseline scenario considered the introduction of HIV into a community with an existing number of circumcised males and no further intervention. The other scenarios examined the effects of circumcising males in different groups once an epidemic had become established within the community. In order to account for the uncertainty in the model's parameters, each scenario was repeated 500 times with the parameters sampled using Latin Hypercube sampling 19 from uniform distributions. The intervals for the distributions were chosen in line with literature estimates and are displayed in Table 1 .
In the model, the population is divided into subpopulations by gender, age groups from 0 to 80 years old in 1-year interval, a more sexually active core group and a less active non-core group and HIV uninfected and infected. Men are further divided into circumcised and uncircumcised groups. The infected population is split into five stages of infection corresponding to acute, asymptomatic, early symptomatic, late symptomatic and AIDS. The fertility and HIV-unrelated death rates are chosen from observed data of sub-Saharan countries, leading to about 4% population growth annually without the presence of HIV. 16 The population is initially distributed with an age-profile that is stable under the given fertility and non-HIV death rates. The number of sexual partnerships per woman per year is proportional to the fertility rate with a peak of one partnership per year for non-core women and two to four partnerships per year for a core group woman. Partner selection for women is based on age alone according to a Poisson distribution specific to each 1-year age group. 20, 21 It was assumed that a 15-year-old girl would on average have a partner 9 years older than herself, whilst the mean age difference decreased linearly to 2 years for a 49-year-old woman. In addition, males also have sexual contacts with female sex workers (FSW) with the number of contacts per year increasing for young males and then decreasing as the man ages. 21 The HIV prevalence among FSW was modelled by calculating the average prevalence among young women and increasing that by a constant factor so that it agrees with empirical data from 1980 to 1993. 22 The probability of transmission per partnership was assumed to vary with viral load which itself varies during the course of infection.
23,24 Also, we assumed that people in the latter stages of HIV infection would have sexual contacts less frequently, leading to a reduction in transmission rates. Male-female transmission was also assumed more likely then femalemale transmission, according to several studies and models. 12, 25, 26 Transmission probability was further affected by circumcision and effective condom use. [8] [9] [10] Recruitment to the circumcision group was treated differently in each scenario. In the baseline scenario, only neonatal circumcision existed, with the percentage of babies circumcised being equal to the percentage of currently circumcised adult men, reflecting the link between circumcision and ethnicity/religion. Intervention scenarios also included the circumcision of adult men, starting in 2007. This was modelled by decreasing the numbers of uncircumcised men and increasing the numbers of circumcised men until a specified percentage of men in that age group, irrespective of HIV status, were circumcised.
The remaining parameters, such as HIV-related mortality and mother-child transmission probability were selected from empirical studies. [27] [28] [29] [30] For further details about the model, see Supplementary data.
Mean behaviour and confidence intervals
We determined mean behaviour and 95% confidence intervals (CI) for HIV prevalence and incidence under each scenario by Latin Hypercube sampling uniformly over the range of parameter values (Table 1) , with 500 model simulations over the 40-year period.
The basic model consisted of 16 parameters (Table 1) representing the uncertainty in sexual behaviour, population demographics and the benefits of MC. The intervention scenarios were: (i) circumcising all adult males until the fraction of circumcised men reached a specified level, (ii) circumcising only men who belong to the more sexually active group, (iii) circumcising only men who belong to the less active group, (iv) circumcising only men of certain age groups, (v) circumcising all adult men but assuming partial recruitment of those men who received MC into the more sexually active group and (vi) similar to the last scenario but recruiting an equivalent percentage of non-core women into the core group. In reality, it is not possible to assign children to either the core or non-core group; however the purpose of these simulations was to estimate the contribution of each group to the overall result of a general intervention.
The last two scenarios were designed to provide lower and upper bounds, respectively for the effects of widespread increases in risky behaviour following a MC intervention caused by overconfidence in the protective effect. We were uncertain if women would increase their rate of partner change in response to increased pressure from men, or whether men would have to change their partner preferences in order to achieve a greater number of contacts. We assumed that demand for FSW increased with increased risky behaviour but a lack of increased contacts with the general female population did not lead to an increase in FSW contacts.
Simulations were performed with Matlab Version 7.0, The MathWorks Inc., Natick MA, USA.
Results
Agreement with ecological studies
The mathematical model produced findings consistent with the range of observed 12 correlations between current HIV prevalence and levels of MC in SubSaharan Africa (Figure 1 ). This agreement between Circumcision as an intervention with different levels of coverage Higher levels of MC, when present at the beginning of an HIV epidemic, can lead to greatly reduced adult HIV prevalence (Figure 1 ). However what impact will increasing MC have on an established epidemic? We simulated increased MC commencing in 2007, with levels of circumcision increasing over the subsequent 5 years and assessed changes in HIV prevalence at year 2020.
For an average population with low initial MC (0-20%), increasing MC to full coverage starting in 2007 would decrease HIV prevalence in 2020 from 12 to 6%. This 6% HIV prevalence decrease with 100% MC intervention scales similarly for lower MC coverage, regardless of initial MC levels (Figure 2a ). Hence increasing MC by 50%, from 0 to 50% or from 50 to 100%, will decrease HIV prevalence in 2020 by half of the 6% decrease, namely by 3% (from 12 to 9% for 0 initial MC and from 8 to 5% for 50% initial MC). Similar results were found for the incidence of HIV in 2020 with incidence dropping from 19 new cases per thousand adults to just 7 cases per thousand. Countries with HIV prevalence higher than the mean can experience further decreases as depicted by the 95% CI (Figure 2a) . A country like Zimbabwe with 10% MC and 25% adult HIV prevalence could reduce this to 13% if MC coverage were increased to 100%.
Effects on HIV prevalence for women were similar to that for men, with little difference in mean decreases with MC in 2020. As would be expected, the effects on HIV prevalence and incidence among men occur 2 years earlier than among women (Figure 2b ).
Restricting intervention to certain age groups
To date most models of the effectiveness of MC have only considered circumcising men regardless of their age. 12 However, age is an important factor in the success of an MC intervention (Figure 2c ). Circumcising men between the ages of 20-25 or 25-30 years old caused the greatest decrease in prevalence, 2% on average. Circumcising men older than 30 years from 2007 caused less reduction in HIV prevalence (1.3%) due to declining contact with FSW. Circumcising males, aged 10-15 years also had a small effect (0.5%), since not every member of this group had been sexually active and therefore susceptible to HIV infection by the year 2020. In terms of HIV incidence reduction, circumcising men between the ages of 20 and 25 reduced incidence by 4.9 cases/thousand whereas circumcising 25-30 year old men reduced incidence by 4.4 cases/thousand. Incidence reduction in the other age groups followed a similar pattern to the reduction in HIV prevalence.
Circumcising only high-risk individuals
Sexual activity is another aspect that determines the effectiveness of MC intervention but activity is not uniform throughout the population. In our model, we let 0-20% of the population change partners 2-4 times more regularly than the rest of the population. This more active core group is often important as a disease can be endemic within this subpopulation and from there re-infect the rest of the population. We investigated what would happen if the intervention was applied either only to these more sexually active men or to all men, except them. Even though the core group represents on average 10% of the population, only circumcising them leads to approximately onethird the benefits of circumcising every male. For example going from 50% MC to 100% MC in all males reduces adult prevalence in 2020 by 3.0% but by 1.1% if only the smaller core group is targeted. Excluding the core group from the MC intervention also reduces its effectiveness with an average decrease in HIV prevalence in 2020 of 2.2% or about two-thirds of the reduction when applied to all men (Figure 2b ). Reduction in HIV incidence followed this trend with a reduction of 2.4 cases/thousand when only the core group was circumcised compared with 4.6 cases/ thousand when the core group was excluded.
Sensitivity of intervention to increased risky behaviour It has been observed that treated individuals can undo benefits arising from treatment by increasing their risky behaviour. For MC this could lead to an increase in prevalence as the new behaviour negates the benefit derived from the intervention. Our analysis considered two scenarios of population-wide changes in sexual behaviour following a MC intervention starting in 2007. The first scenario changed only the number of sexual partnerships per year for men by moving newly circumcised males from the non-core group to the core group (Figure 3a) , whereas the second one moved both males and a proportional number of females from the non-core group to the core group (Figure 3b) , increasing the overall number of partnerships. The actual behaviour change should lie between these extreme scenarios. Decreased HIV prevalence and incidence with MC in the first intervention seems robust to increases in male risky behaviour with mean change in prevalence and incidence below 0 even when all men join the highsexual activity group (Figure 3a) . However in the second scenario, mean change in adult HIV prevalence and incidence becomes positive when 43% of treated men engage in riskier behaviour (Figure 3b ). These two intervention scenarios provide a rough lower and upper bound, respectively on the sensitivity of MC interventions to increases in risky behaviour. In addition, countries with HIV prevalence higher The complete results from the simulations of the different intervention scenarios can be found in the Supplementary data.
Discussion
MC has been shown to be an important factor in HIV epidemics. 4, [7] [8] [9] [10] Our simulations are consistent with these observations, duplicating the correlation between MC and HIV prevalence from low MC countries [mean observed HIV prevalence in 2003 of 21%, simulation mean 13% (3-26%)] through to countries with high levels of MC [mean observed HIV prevalence in 2003 of 4%, simulation mean 5% (1-13%)]. Although MC is not the sole predictor of levels of HIV prevalence, observations, intervention trials of MC, [8] [9] [10] and these and other simulations highlight the role it can play as an intervention in sub-Saharan Africa. A country with low MC and HIV prevalence reflecting current mean values could reduce HIV prevalence from 12 to 6% by 2020. This 6% mean decrease with maximum coverage is reduced on a proportional basis with lower coverage, regardless of initial MC levels. Hence an increase by 50%, from 0 to 50% or from 50 to 100%, would reduce mean HIV prevalence in 2020 by 3%, regardless of starting HIV levels (Figure 2a) . Countries where the HIV epidemic reflects behaviour more risky than the norm can expect an even greater reduction. For example, a country like Zimbabwe could reduce adult HIV prevalence from 25 to 13% by 2020 solely due to this intervention.
However complete coverage of MC in a country will be difficult to achieve. Given limited coverage the question is: what groups should then be targeted? Our primary endpoint was HIV prevalence in 2020, with an intervention commencing now. On that time scale there is little benefit in MC for young males. Our calculations also suggest less benefit is obtained circumcising men over 30 years of age (Figure 2c ), since it is the young adult age group that is more sexually active.
Women and uncircumcised men will also benefit from circumcising young men due to the decrease in overall HIV prevalence among men. Unfortunately the indirect protection for women is delayed by a few years (Figure 2b ) due to the tendency for young women to have contacts with older, already infected men. Other measures such as vaginal microbicides 31 need to be employed alongside circumcision to reduce infection during this period.
Although it would be difficult, the greatest benefit would be achieved by concentrating on MC in highrisk groups. Circumcising this group produces roughly one-third of the benefits of circumcising every man in the same age groups. In terms of cost-effectiveness, circumcising the high sexual activity group, which is 10% of the population in these calculations, produces the greatest reduction in HIV prevalence for the smallest number of surgical procedures. The converse of this is that omitting this group will greatly reduce the effectiveness of the intervention. Combining these results with those from the different age group simulations suggests that high-risk men in the 20-30 year old age group should receive priority in a MC intervention.
Using MC as an intervention should be accompanied by education on its actual benefits and limitations, as it does not provide complete protection from HIV infection. The intervention's effect on HIV prevalence in an average population can be negated when there are large increases in male and female sexual activity (Figure 3b ) and this sensitivity becomes more pronounced in those countries which already exhibit high HIV prevalence. Fortunately recent studies 32 on the sexual behaviour change associated with MC have shown almost no increase in risky activity following circumcision, however whether these observations will apply to a general intervention is unknown. 17 Further modelling is required to examine more accurate scenarios of increased risky behaviour and specific examples of behaviour change such as decrease in condom usage with increasing MC.
These results are also limited in that the population was assumed to be free from other sexually transmitted diseases that are known to be co-factors in HIV infection. As MC has been observed to provide protection against some of these STD, further simulations are necessary before estimating the impact of a MC intervention and subsequent behaviour change in a population with significant STD prevalence. 17 The model is also limited in that only one intervention roll-out strategy was considered. Within each scenario, uncircumcised men, who belonged to the targeted groups, were circumcised at a rate proportional to their numbers with all such men being circumcised within 5 years of the start of the intervention. Issues such as limitations on the number of circumcisions performed annually and reluctance by men to be circumcised were not considered. These concerns as well as the prioritization of certain groups of men are part of ongoing modelling.
Nevertheless this analysis indicates that circumcision has the potential to be an effective intervention against the HIV epidemic in sub-Saharan Africa even if such intervention is limited to a subset of the young male population.
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